The authors describe a simple dry-etch silicon microfabrication process to develop an array of electrodes with multiple recording sites suitable for neural recording applications. This new high-yield fabrication process uses commercially available ultra-thin silicon wafers as substrate material. A xenon difluoride system is used to etch the silicon substrate to form the electrode structures. The novel concept of structural reinforcement to produce elongated and reliable probe electrodes is introduced. The authors demonstrate recording silicon electrodes that can reach lengths longer than 10 mm having only 50 mm thicknesses and an 100 mm average width. This new microfabrication process illustrates a simple, cost-effective and mass-producible method for developing ultralong silicon probes for deep brain implantation and neural recording.
Introduction
Brain -machine interfaces (BMIs) can assist paralysed patients by allowing them to operate computers or robots using their neural activity [1] . Integral to this endeavour is the development of brain implants that can be inserted into the surface or deep into the brain. The advancement of surface and bulk micromachining techniques played a significant role in standardising the production of brain implantable neural electrodes with very well-defined and sharp electrodes with precise placement of metallic neural electropotential recording sites [2] . Over the past several years, many research groups have employed microfabrication techniques to mass-produce silicon neural electrodes with high accuracy and repeatability [3 -5] . Furthermore, there are research initiatives towards active neural probes with on-probe signal processing circuitry and/or integrated microactuators driving the electrode shank into the brain tissue while actively tracking the neuron movement [6 -8] .
The recording and processing of neural electropotential signals is required to understand how the brain processes information in response to controlling body functions. Motor and cognitive signals have both been shown to be viable signals for prosthetic applications. To date, many neural prosthetic devices have been developed that used motor signals from the surface of the motor cortex to mainly derive hand trajectory signals [1, [9] [10] [11] . We plan to record cognitive signals from areas that are up to 10 mm below the surface of the brain [12] . Cognitive control signals for neural prosthetics is a relatively new concept that deals with tapping and understanding the messages of higher-order neurons involved in planning and motivation for movements such as reaching and grasping [12, 13] . These signals can be located in the posterior parietal reach region located medial to the intraparietal sulcus and the dorsal premotor cortex. These regions are located much deeper in the brain compared with the motor cortex, which provides the actual control signals for movements. Conventional electrodes, such as Utah Array [14] and Michigan Array [15] , typically reach lengths less than 5 mm. Recently, Norlin et al. [16] have demonstrated 5-mm-long electrodes using deep reactive-ion-etching of silicon-on-insulator substrates. We set out to design and manufacture ultra-long probes that are small enough to minimise implantation damage to neuron networks but stiff enough to survive implantation.
Here, we describe the microfabrication process of neural electrodes that reach lengths longer than 10 mm while having a similar footprint as conventional electrodes. The process uses commercial ultra-thin silicon substrates, and is costeffective, repeatable and a high-yield method for neural electrode microfabrication. We propose the novel principle of reinforcing the electrodes in their more susceptible areas to improve their strength during implantation without increasing the dimensions of the probe. We describe the simulated and experimentally tested performance of the proposed ultra-long neural electrodes. We provide a comparative analysis of the fabricated neural electrodes between the reinforced and non-reinforced types. Specifically, we analyse the dynamics of structural probe reinforcement, which includes examining probe stiffness and critical buckling load to render probes suitable for gathering cognitive neural information.
Neural probe design and structural reinforcement
The developed neural electrode array consists of four tapered electrode probes constructed using a silicon substrate. Each electrode in the array is 10.5 mm in length and its structure is divided into three regions: (i) support base region, (ii) measuring region and (iii) piercing region, as shown in Fig. 1 . The support base region measures 250 mm in length with a width of 350 mm at the base that rapidly reduces to a width of 150 mm, thus minimising brain tissue damage and displacement. The tapered wide base is designed to provide sufficient strength for each probe to survive during surgical implantation. The measuring region starts with a width of 150 mm at the base and ends up with 50 mm at the other end. The neural probe has an average width of 100 mm over the majority of the 10 mm length of the measuring region. The measuring region has three 20 mm Â 20 mm gold recording sites spaced 1 mm apart. Gold was selected for its biocompatibility and impedance characteristics. The measuring region is followed by the piercing region that forms the chisel-shaped tip of the probe with a length of 250 mm and is designed to be of 10 mm width at the end of the probe.
Many designs of elongated and ultra-long probes fail (crack or shatter) during implantation as they are unable to withstand the insertion axial forces, retraction forces and tension forces of the brain tissue [3] . These forces bring about bending and buckling of the probe. As the critical loads of a probe electrode are proportional to its thickness, the stability of a probe electrode can be improved by increasing its thickness. Such a design, however, will increase the damage of the brain tissue during the insertion phase of the probe. A better solution is obtained by keeping the thickness of the probe as small as possible and increasing the stability by introducing reinforcing structures. We notice that the probe stability can be improved by adding a stiff longitudinal reinforcing structure of suitable cross-section at the middle of the probe. The volume of such a reinforcement structure will be much smaller than the additional volume introduced by increasing the thickness of the probe.
To this end, we detail analytical studies to ascertain the reliability of the proposed ultra-long neural probe electrodes when they are subjected to significant stresses because of imperfect insertion into the brain and/or movement of the brain relative to the skull where the probe support is anchored. The main goal of the simulation is to predict the behaviour of the probe electrodes when they are subjected to an axial force. The axial force represents a critical parameter to develop reliable neural probe arrays as it determines the force at which the probe tip penetrates the brain tissue. In the case of an axially compressed probe, the maximum stress is located in the middle of the probe electrode. Therefore it is important to strengthen weaker areas located at the middle of the probe, which is the most susceptible region for breakage. Thus, the design of our new reinforced probe electrode is structurally similar to the conventional electrode but with additional metal layers added at the middle of the electrode.
The simulations shown in Fig. 2 were conducted using CoventorWare finite element analysis software from Coventor Inc. The mechanical behaviour of the electrode structures were studied using the mechanical solver MemMech, which is a part of CoventorWare. The model structure was meshed into parabolic tetrahedrons with an element size of 4 mm, which was selected so that the simulation converges towards a unique solution. For the simulation, a trajectory of axial force is applied horizontally at the cross-section face of the probe electrode. The recording sites, interconnections and bonding pads were not considered for simulations. The critical buckling load was obtained at the point where the maximum von Mises stresses, typically used to estimate yield and failure criteria in ductile materials, at weak regions of the probe reach 1 GPa, which is near the fracture stress limit for a thin silicon cantilever [17] . The critical loads for reinforced and Figure 1 Design of the probe array carrying the recording sites, interconnects, reinforcing structures and bonding pads non-reinforced electrodes from simulations were found to be 371 and 307 mN, respectively.
In the case of an axial force, the maximum stress is in the middle of the probe whereas an average stress value is present at the bottom of the probe. Fig. 2 shows a comparative stress analysis between the non-reinforced (Fig. 2a) and reinforced probe electrodes (Fig. 2b) . We notice that adding a strip of metal along the side edges of the electrode increased its tensile strength by 10% when compared with the classic electrode by pushing back the location of the maximum induced stress from the middle of the probe electrode to its base, which is typically wider than the rest of the probe. This enables the probe electrodes to be more resistant to the axial buckling force exerted by the brain tissue surface during implantation. We benefit from using the same 1-mm-thick titanium -gold metal layers used for forming the recording sites to reinforce the probe electrodes at the middle. The reinforcing structures are each 2 mm long and placed exactly at the middle of the probe (or starting at 4 mm from the base and ending at 4 mm from the piercing tip end of the probe) with an average width of 40 mm along their length. Fig. 3 shows the cross-sectional view of the microfabrication process for the neural electrode array. The process starts with a 50-mm-thick, 4 00 -diameter double side polished, silicon wafer as substrate material. Firstly, metal layers of titanium (adhesion layer, 500 nm thick) and gold (conducting layer, 750 nm thick) were deposited on the silicon wafer (Fig. 3a) . Secondly, the gold and titanium layers were photolithographically patterned and etched, with 1:2:10 I 2 :KI:H 2 O and 20:1:1 H 2 O:HF:H 2 O 2 , respectively, to define the recording pads, reinforcement layer and interconnects between the recording sites and bonding pads (Fig. 3b) . Finally, the silicon substrate was patterned and etched using an isotropic xenon difluoride (XeF 2 ) etching system to form the electrode probes (Fig. 3c) .
Experimental results and discussion
The XeF 2 etching technique was selected as it provides unique advantages compared with wet and other dry etch techniques; specifically related to its high etch rate (1-3 mm/ min at room temperature), high aspect ratios, selectivity and simplicity [18] . The high selectivity of the XeF 2 etching to silicon can be used to make high-aspect structures with little or no degradation of the etch-stop or masking layer. Standard hard-baked photoresist can serve as an effective mask for deep and extended etches to obtain high aspect ratios. The use of a photoresist as a masking layer simplifies the fabrication process by obviating the need for deposition, patterning and etching of silicon dioxide or silicon nitride masking layers commonly used for other silicon dry or wet etch techniques. Fig. 4a is a photomicrograph for the fabricated electrode Fig. 4b is a scanning electron microscope (SEM) picture of the piercing and recording regions of a single electrode. It shows the well-defined, tapered and sharp tip of the electrode. It also shows the 20 mm Â 20 mm recording sites, which typically show an impedance of 1 MV at 1 kHz required for neurophysiological measurements. The reinforcing structures located in the middle of the probes are shown in Fig. 4c . The interconnect lines shown are 10 mm wide. Fig. 4d shows the tapered base of the probe electrode. Fig. 4e shows the cross-sectional view of the probe electrode. The microelectrode array can be later encapsulated using Parylene-C as a biocompatible layer for surgical implantation with only the recording sites exposed to the neurons [19] .
A successful penetration of the current array of neural electrodes into brain tissue is without breakage or excessive dimpling. In order to ensure the reliability of a silicon-based electrode, its design must be analysed and operational limits defined. The pre-defined limit to which the electrodes can be stressed is often referred to as the buckling load, which represents the maximum allowable compressive loads that the probe electrodes are capable of withstanding without failure. The buckling load is determined more as a design parameter than a material property. We performed an experimental evaluation to determine the mechanical stability of the neural electrodes by determining the critical buckling load. In our application, the probe electrodes can be treated as cantilever beams that are fixed at one end and free to move at the other. When a critical load is applied, the buckling occurs in the plane perpendicular to the corresponding principal axis of inertia. As shown in Fig. 5 , the critical loads were calculated by buckling the probe electrodes until the electrodes break and by measuring the maximum deflection, d max . We use (1) and (2) to calculate the critical stress s cr [20, 21] . The critical stress is then used to find the critical load, P cr , of the beam under loading.
(1)
where E is the elastic modulus for silicon and is assumed to be 190 GPa, t is the probe electrode thickness and L is the length of the probe electrode [20, 21] .
In order to measure the critical loads of the reinforced and non-reinforced probe electrodes, we fabricated an array of electrodes consisting of two non-reinforced electrodes and two reinforced electrodes in between. In this experiment, a horizontal loading setup was used for the buckling study. The test platform consists of an array of electrodes mounted and glued on a custom-designed printed circuit board (PCB) using an epoxy material to allow easy handling of the array during the test procedure as shown in Fig. 6a . The PCB is then mounted on a motion controller to allow a slow advancement of the probe electrodes in small and accurate steps. The electrodes were advanced to touch a hard plastic surface. As the electrodes moved forward and pressed against the hard surface, the deflection of the electrodes increased. Fig. 6b provides a visual explanation of the buckling experiment. The values of the maximum deflections d max of the reinforced and nonreinforced electrodes were measured from Fig. 6b using a microscope and a micrometre grid and are found to be 1280 and 1100 mm, respectively. Based on the stress deflection equations described previously, the critical stresses of the reinforced and non-reinforced probe electrodes as they are pressed against the hard surface were calculated to be 364.8 and 313.5 mN, respectively. The measured critical buckling loads are in good agreement with the simulated results.
Conclusions
We report the first demonstrated neural microelectrode array fabricated using standard ultra-thin silicon wafers as substrates and a XeF 2 etching system. The microfabrication process provides a rapid, cost-effective and high-yield platform to manufacture neural electrodes required to gather cognitive neural information. We also introduce a novel concept of structural reinforcement for neural electrodes to improve their tensile strength for deep brain implantation studies. The reinforcement increases the stability of the electrodes by augmenting the critical buckling load by approximately 50 mN. The resulting neural electrodes reach comparatively elongated lengths of 10.5 mm having only a 50 mm thickness. The developed electrodes possess welldefined structural features with smooth surfaces.
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